Endowed with nanoscale spatial resolution, contact resonance atomic force microscopy (CR-AFM) provides extremely localized elastic property measurements. We advance here the applicability of CR-AFM on surfaces with nanosize features by considering the topography contribution to the CR-AFM signal. On nanosize granular Au films, the elastic modulus at the grain scale has been mapped out by considering a self-consistent deconvolution of the contact geometry effect in the CR-AFM image. Significant variation in the contact area over granular topography arises as the probe is either in single-or multiple-asperity contact with the surface. Consequently, in extracting the elastic modulus from CR-AFM measurements on granular surfaces we considered both the normal and lateral couplings established through multiple-asperity contacts between the tip and the surface. Thus, by appropriately considering the change in the contact mechanics during CR-AFM imaging, variations in the elastic modulus have been revealed in the intergrain regions as well as across individual grains.
Introduction
Next-generation electronic devices, based on micro-and nanoelectromechanical systems (MEMS and NEMS) [1] , require accurate knowledge and control of material properties at ultra-small scales. As the size of device elements is reduced further and further, down to the nanoscale, mechanical properties in particular can exhibit significant variations from those of their bulk counterparts due to the increase in the surface-to-volume ratio. The inherent effects of proximate surfaces and interfaces alter the properties of the nanosize entities (e.g., nanotubes [2] , nanowires [3] , nanoparticles [4] ) or those of reduced-scale constituents (e.g., crystallites in nanostructured materials [5] ) and modify the mechanical response of the assembly as a whole. For some particular geometries it is possible to deduce the response of the nanosized constituents by testing an assembly at the macroscale [6] . However, it is obviously more desirable to directly probe the local mechanical properties of a nanostructured material [7] [8] [9] [10] .
Instrumentation developed for nanoscale characterization, such as atomic force microscopy (AFM), enables access at ultra-small scales but brings the challenge of extracting and quantifying material properties from measurements made with such instruments. It is also desirable to make non-destructive and in situ characterization of elements of nanostructured assemblies. These needs can be addressed by expanding the capabilities of AFM techniques to provide local property measurements based on accurate knowledge of the interaction between the testing probe and the investigated structure. Endowed with high spatial resolution and accurate force control, techniques such as contact resonance AFM (CR-AFM) (which includes atomic force acoustic microscopy (AFAM) [11] and ultrasonic atomic force microscopy [12] ) and other AFM related techniques (ultrasonic force microscopy (UFM) [13] , heterodyne force microscopy [14] , passive overtone microscopy [15] , resonant difference-frequency atomic force ultrasonic microscopy [16] ) have been used to quantify the elastic properties of the probe-sample contact. By taking advantage of the in-plane scanning capability of AFM, CR-AFM measurements made at each point in the scan produced maps of the elastic modulus with nanoscale spatial resolution [17] [18] [19] [20] [21] .
In this work we used CR-AFM to map, with spatial resolution better than 10 nm, the elastic modulus of granular Au thin films. By measuring the contact resonance frequency of a vibrated AFM probe in contact with the investigated film, the contact stiffness was determined at every point in the CR-AFM scan. The contact geometry was subsequently resolved based on the local topography acquired by scanning tunneling microscopy (STM). With a self-consistent deconvolution of contact geometry effects in the CR-AFM image, an elastic modulus map was then generated. In contrast to the usual CR-AFM measurements on flat surfaces, the contact geometry on granular surfaces is complicated by the possible formation of multiple-asperity contacts between the tip and nearby contacted grains. In extracting the elastic modulus from CR-AFM measurements on granular surfaces we considered both the normal and lateral couplings established through multiple-asperity contacts between the tip and the surface. The acknowledged change in the contact area due to these local contact couplings has been accurately correlated with the measured contact resonance frequency at every point in the scan. As a result, variations in the elastic modulus have been revealed in the intergrain regions as well as across individual grains. In much the same way, correlations between topography and contact resonance images need to be resolved together for CR-AFM mapping of elastic modulus at the nanoscale.
Theoretical background
As in any other contact mode AFM-based techniques, in CR-AFM the sample is probed by bringing the AFM sensor tip in contact with the sample surface. A small-amplitude mechanical vibration with frequency in the kilohertz to megahertz range is then superposed on the loaded AFM cantilever. This vibration is transmitted through the AFM tip and excites acoustic waves in the sample. The cantilever's end conditions are modified by the tip-sample coupling and this change is directly observed in the resonance frequency of the vibrated cantilever. Thus, in CR-AFM, both the mechanics of the tip-sample contact and the dynamics of the clampedcoupled cantilever are important in extracting the local material property of the sample tested. A detailed theoretical and experimental review of a vibrated AFM probe in contact with materials can be found in [22] . In this section we will describe the contact mechanics occurring when an AFM probe contacts a sample surface through either a single-asperity contact (SAC) or a multiple-asperity contact (MAC). The effect on cantilever dynamics due to a change in contact area in SAC and MAC will be then analyzed.
In CR-AFM, the load applied to the tip-sample contact is chosen to be large enough to exceed adhesion contact forces but small enough to prevent plastic deformation at the contact. Under these restrictions, the contact is deformed elastically and the simple model of such elastic tip-sample coupling is that of a linear spring. The idealized system, schematically shown in Figure 1 . Idealized AFM probe (cantilever and tip) spring-coupled through a SAC to the surface: (a) only normal contact coupling is considered, (b) both normal and lateral contact couplings are considered; (c) the effect of the lateral contact coupling on the first two (i = 1, 2) contact resonance frequencies of the cantilever as a function of the normal contact stiffness in SAC. The frequencies are normalized to the first resonance frequency of the cantilever in air, f air 1 .
figure 1(a), consists of a beam clamped at one end and springcoupled at the other [11] .
For a SAC between the spherical end of the tip and a flat surface, the normal contact stiffness, k SAC n , characterizing the elastic deformation of the contact along the direction normal to the surface, is given by the derivative of the normal force, F n , with respect to the approach distance, δ n , between the two bodies in contact. In the Hertz contact model [23] , k SAC n is expressed as:
The SAC contact area is A
SAC c
= πa 2 , with the contact radius given by
Here, R T is the radius of the tip and E is the reduced elastic modulus given by the indentation moduli of the tip, M T , and the sample, M S :
For elastically isotropic materials the indentation modulus is simply expressed in terms of the Young's modulus E and the Poisson's ratio
In the general case of elastically anisotropic materials, the indentation modulus can be numerically calculated along the indentation direction as a function of the elastic constants of the indented material [24] .
Another spring-coupling that contributes to the dynamics of the system is that of the lateral contact stiffness (see figure 1(b) ). This is caused by the mechanical vibrations that are induced in the surface plane of the sample. Two things contribute to this: one is the tilt of the cantilever with respect to the sample's surface and the other is the rocking of the tip in the cantilever-tip plane caused by the flexural waves that vibrate the cantilever. The lateral contact stiffness for a single-asperity Hertzian contact is defined as the change in the tangential contact force F lat with the lateral displacement δ lat [25] :
with A SAC c the SAC contact area defined above and G the reduced shear modulus of the tip and the sample. If the tip and the sample are isotropic materials, then G is given by
where G T and ν T are shear modulus and Poisson's ratio for the tip, and G S and ν S are shear modulus and Poisson's ratio for the sample. In the anisotropic case, similar to the normal indentation modulus M, a shear indentation modulus, N, would appropriately describe the lateral deformation of the tip-sample contact; in the isotropic case, N = G/(2 − ν) [26] . [27] . For exemplification we will use in the following an average value 0.40 for the Poisson's ratio of Au, which gives 0.75 for the ratio k
We now analyze how the cantilever dynamics is affected by these two springs, normal and lateral, coupled at the unclamped end of the cantilever. To do that, the wave equation for the flexural vibrations in the cantilever beam [28] ,
is solved for the geometry shown in figure 1(b) . Here, E is the Young's modulus along the long axis of cantilever, I is the moment of inertia of the cross section of the cantilever, ρ is the density, and A is the cross sectional area of the cantilever. The cantilever's stiffness is given by
where L is the length of the cantilever. The coordinate system is chosen with the x and y axes directed along the cantilever's length axis and perpendicular to it, respectively, and t is time. For the system shown in figure 1(b) , the solution of (6),
with A 1 , A 2 , A 3 , and A 4 constants, has to satisfy the following boundary conditions at the fixed (clamped) end, x = 0, and at the spring-coupled end, x = L, of the cantilever: [29] y(x, t)| x=0 = 0,
with (12) and
Here, k is the flexural wavenumber; h is the height of the AFM tip; α is the tilt angle of the cantilever with respect to the sample's surface; and ω = k 2 √ E I/ρ A is the angular frequency of the flexural cantilever vibrations. The characteristic equation obtained from the above equations provides the dispersion relationship for the resonance frequencies of the clamped-coupled cantilever as a function of the contact spring-coupling stiffnesses [22] :
A more general treatment of this problem can be found in [22] .
In figure 1(c) are shown the first two resonance frequencies of the clamped-coupled cantilever as a function of the normal contact stiffness for two cases: when the lateral contact coupling is neglected as in figure 1(a) and when k SAC lat = 0.75k SAC n as in figure 1(b). The cantilever tilt angle was α = 11
• (as specified by the manufacturer of the AFM used in this work) and the ratio h/L = 0.06 (as calculated with the tip parameters specified in section 3). As can be seen, the contact resonance frequencies experience larger and larger increases as the normal contact coupling becomes stiffer and stiffer. For the range of normal contact stiffness shown here, the first contact resonance frequency is more sensitive to lateral coupling than the second. This is because in the first vibrational mode the angular cantilever deflections at the tip position are larger than in the second mode. (We exploited this observation and used the first contact resonance mode for imaging in our experiments; with a small applied load, the normal contact stiffness was restricted to values below 100 k c .) We now analyze the effect on cantilever dynamics due to the increase in the contact area in a MAC, the case that has to be considered when CR-AFM is used for imaging nanoscale featured topographies.
The contact area maintained between an AFM tip and the investigated surface during contact-AFM scanning is continuously modulated by the nanoscale roughness of the surface. When the wavelength of the summits intercepted by the tip is large or very small compared to the contact radius, the contact formed is nominally a SAC. In this case the size of the contact area varies around an average value characterizing the contact between the tip and an ideally flat surface. However, on surfaces with roughness of wavelength and amplitude comparable with the tip radius (e.g., granular surfaces studied in this work), the contact not only varies in size due to the small-wavelength roughness but also due to the number of contacts. Thus, on such granular surfaces, the contact is a SAC on top of the grains whereas between grains the probe could be simultaneously in contact with two or three grains and form a MAC. Considering the grains as spherical summits of radius of curvature R (i) S , the contact area at a given location is obtained as a summation over the Hertzian-elastically deformed grains that contact the probe at that location [23] :
Here, δ i is the depth of deformation between the tip and summit i , with 1
S the relative curvature at the contact. In the case of MAC, the applied load is distributed between the summits that are in contact with the tip
In (16), E defines the local average of the reduced elastic modulus at the MAC and describes the equivalent elastic response of the summits forming the contact. The normal contact stiffness of a MAC is then the equivalent stiffness of the parallel-coupled summits, schematically shown in figure 2(a):
with A MAC c defined in (15) . Similar to (4), the lateral contact stiffness is defined as:
with G the local average of the reduced shear modulus of MAC between the tip and the contacted grains. A schematic diagram of the lateral coupling in MAC is shown in figure 2(b) . The effect of contact area variation in a MAC on the resonance frequency of the first vibrational mode of the cantilever is shown in figure 2(c). As the measured relative contact stiffness, k SAC n /k c , on the granular Au films investigated in section 3 is in the 40-100 range, we chose for the discussion here a value of 75 for this parameter. Thus, in figure 2(c), the relative change in the resonance frequency in MAC is compared to SAC as a function of the ratio of MAC and SAC areas (the SAC area is considered constant in this analysis). As an example, if the contact area doubles due to multiple contacts, the increase in the normal contact stiffness will determine an enhancement of about 2% in the first resonance frequency compared with SAC. A larger increase in the resonance frequency results in the case of a MAC with lateral coupling: about 4% for the same increase in the contact area. This shows that the change in the contact area affects the resonance frequency of the cantilever through both normal and lateral contact spring-couplings. Such an effect, of the contact resonance frequency shifting towards greater values, can be observed also in SAC when the increase in the contact area is due to tip wear [30] .
Furthermore, we have analyzed the effect of contact area variation on the contact resonance frequency for an extended range of contact stiffness values. As above, the analysis was carried out for the cases with only normal contact coupling and with both normal and lateral contact couplings. Thus, the relative change of the first contact resonance frequency, ( f
, due to the increase of the contact area of a MAC, is shown in figure 3(a) as contours in the plane of contact stiffness and contact area. No lateral coupling was considered here. As can be seen, the same increase in the contact area determines a larger increase in the contact resonance frequency for compliant contacts compared with stiffer ones. This means that as the tip is pinned normally more and more at the contact, the resonance frequency will become more and more insensitive to the increase in the contact area. However, the effect of the lateral coupling on the resonance frequency is reversed to this. In figure 3(b) the change in the first contact resonance frequency with lateral coupling included is shown. We can see that as the contact becomes stiffer, the resonance frequency is more sensitive to the increase in the contact area, in contrast with the case when only normal coupling was considered. These considerations of normal and lateral contact spring-couplings will be applied in section 4 to extract the elastic modulus from CR-AFM measurements on the granular surface of Au films.
Experimental measurements
The Au films were deposited by electron beam evaporation from a 99.99% gold source contained in a graphite liner placed in a vacuum chamber with base pressure in the low 10 −6 Pa range. Si(100) substrates were mounted on a watercooled stage during deposition. Adhesion of the Au films to the substrate was achieved using an intermediate 2 nm thick Ti layer. From the deposited films, a film with thickness around 100 nm was selected for CR-AFM measurements. X-ray analysis carried out on this film revealed that the crystallographic orientation of the grains deviated from the preferred 111 direction, normal to the film, by no more than 7
• . For CR-AFM imaging additional instrumentation (LabView, National Instruments, Austin, TX)
1 was connected to a commercial AFM (Veeco MultiMode III, Santa Barbara, CA) (see footnote 1). The experimental setup for CR-AFM imaging is schematically shown in figure 4 . The numbers indicate the sequence of operations made at each location in the scan. First, the AFM probe was brought into contact with the surface. The in-plane scanning was then controlled externally (sequence 1 in figure 4 ) by applying appropriate incremental voltages to the x-and y-piezo scanners. After the AFM probe was moved to a new position in the scan, CR-AFM measurements were made at that location. A lock-in amplifier with internal signal generator (7280 Signal Recovery AMETEK, Oak Ridge, TN) (see footnote 1) was used to mechanically vibrate the AFM cantilever (sequences 2 and 3 in figure 4 ) and collect the highfrequency response signal from the AFM photodiode detector (sequences 4 and 5 in figure 4) [20] . A frequency sweep was performed in order to identify the contact resonance frequency characterizing the probe-sample contact at that location. As this resonance frequency depends on the contact geometry and the elastic properties of the materials forming the contact, the frequency sweep was made wide enough to localize the eventual shift in the resonance contact frequency. Thus, at every location, a 100 kHz frequency sweep was performed in 100 ms with a step of 1 kHz. With an additional 5 ms delay before each frequency sweep, introduced to attenuate the in-plane motion of the tip, a CR-AFM scan of 125 × 125 pixels was made in 30 min. Subsequently, the contact resonance frequencies were identified in the recorded spectra and used to construct the CR-AFM image pixel by pixel.
The AFM probes (PPP-SEIH NanoSensors, Neuchatel, Switzerland) (see footnote 1) were single-crystal Si cantilevers made with integrated Si(100) tips. The spring constant k c of the cantilever used was measured as (14.8 ± 0.5) N m −1 by the thermal-noise method [31] . The tip height h was 14 μm and the length L of the cantilever 229 μm as specified by the vendor. The first two resonance frequencies of the cantilever were measured in air (non-contact) as f A 575 nm × 590 nm area of the 100 nm thick Au film was selected for CR-AFM imaging. The topography is shown successively in figures 5(a), (b), and 6(a) as acquired in AFM tapping mode, before and after CR-AFM imaging, and STM constant-current mode, respectively. The CR-AFM map of the first contact resonance is shown in figure 6(b) . As observed by the correspondence between these images, the topography and CR-AFM are very well correlated. The apparent increase in the grain size in figure 5 (b) in comparison with figure 5(a) indicates a slight increase in the size of the tip during CR-AFM imaging, due to tip wear or, perhaps, some infrequent accumulation of debris. As there is no clear gradient across the CR-AFM image ( figure 6(b) ) made between these two scans, we can conclude that the measured contact resonance frequency is not significantly modified by the possible change in the contact area due to the tip wear. On the other hand, the debris that occasionally become attached to the tip could alter the contact geometry and slightly modify the measured contact resonance frequency. To reduce the contribution of many of these artifacts to the elastic modulus map that we want to generate from our measurements, we chose to use topographical information from the STM image made over the investigated area. Thus, after AFM and CR-AFM scans, the investigated area has been imaged with STM by using the STM head of the same microscope. The STM scan was made in air with a Pt/Ir tip (PT-ECM Digital Instruments, Santa Barbara, CA) (see footnote 1). As can be seen in the STM image ( figure 6(a) ), the grains appeared unaffected as the result of the successive scans. The STM image rather than the AFM images will be used later to perform the contact geometry reconstruction that is needed in calculating the elastic modulus map. The reason is that, as is known, the AFM image results from a convolution between the real surface topography and the tip used in scanning. So, in order to use the AFM image as real surface topography, a preliminary tip-surface deconvolution is required, in which case many topographical features (observed in great detail in the STM image) are difficult to recover. On the other hand, in the nanoscale to microscale range (as is the case of the granular Au films investigated here) a more realistic surface topography is provided by the constant-current STM image as at this scale the current density does not vary significantly on metallic surfaces. The histograms in figures 6(c) and (d) show very clearly that large variations occur in both topography and CR-AFM scans. Consequently, the change in the contact area has to be considered in calculating the elastic modulus from CR-AFM measurements.
Nominally, a slightly reduction in the elastic modulus is expected to occur in the intergrain regions as a result of the orientation mismatch between adjacent grains [32] . Contrarily, in the intergrain regions in figure 6(b) , the contact resonance frequency is observed to increase. This is because, when the tip radius is comparable in size with the local radius of curvature of the surface, besides the modulation in the elastic modulus due to material properties, the CR-AFM measurements are also sensitive to the topographical features that modify the contact area. In some previous works on mapping the elastic response of materials at the nanoscale, by either AFAM [19, 21] or UFM [33] , the topographic artifacts [8, 34] in the elastic image were negligible on surfaces with radii of curvature much larger than the tip radius. In the next section, by correlating the STM and CR-AFM images, we will consider the variations in the contact area due to non-flat topography and correct the CR-AFM elastic map for these variations.
In terms of the absolute value of the elastic modulus, we have compared the measurements with those made on a Au(111) reference material under the same experimental conditions [20, 30] . The reference was a 300 nm thick Au(111) film epitaxially grown on mica (Georg Albert PVDBeschichtungen, Heidelberg, Germany) (see footnote 1). As can be seen in figure 7(a) the surface of the Au reference film is essentially flat over large areas, with a rms roughness of 0.2 nm over 1 μm 2 . In this case, because there are minor changes in the contact area, the most probable contact resonance frequencies were precisely determined by fitting the histograms of the measurements shown in figures 7(c) and (d) [20] , with Gaussian distributions. By using a beamcantilever model [11] , the relative stiffness of the contact along the tip axis was calculated as k SAC n /k c = 50.9 on Au(111) reference as is shown in figure 7 (e). Considering that the Au(111) reference material is characterized by an indentation modulus M Au(111),ref = 100 GPa, under F n = (350 ± 25) nN applied normal load, the tip radius and contact radius were calculated from (1) and (2): R T = (52.6 ± 1.3) nm and a = (6.1 ± 0.2) nm for no lateral contact coupling, and R T = (34.4 ± 0.6) nm and a = (5.2 ± 0.2) nm for k lat = 0.75k n . The indentation modulus of the tip was taken as M T = 165 GPa for Si(100) single crystal. We note that, for the same measured contact resonance frequencies on the Au(111) reference, the calculated tip radius differs according to the contact geometry considered: with or without lateral contact coupling. The two measured contact resonance frequencies on the Au(111) reference were also used to determine [11] that the tip was located at the end of the cantilever. In this case, we need to track only the first contact resonance frequency in order to calculate the contact stiffness on the investigated granular topography.
Although all the measurements were made in ambient humidity (relative humidity 40%), in our subsequent calculation we neglected the contribution of the water meniscus formed between the tip and the investigated surface and, consequently, described the elastic deformation of the contact by the Hertz model. This was motivated by the small values measured for the pull-off force between the tip and the surface at different locations across the sample: 10%-12% of the applied load. For such a small fraction, the humidity contribution is negligible to the measured contact resonance frequencies independent if the tip is either in SAC or MAC.
Data analysis
The effect of the contact area change on the measured contact resonance frequencies becomes essential in CR-AFM imaging when variations in the elastic modulus occur at the nanoscale. In this case we need to acknowledge any change in the contact geometry during scanning and consider this change in calculating the local elastic modulus. First, as the STM image is free of a tip dilation effect, the radii of curvature of the undeformed summits contacted by the tip at a given location in the scan were found by fitting the summits in figure 6(a) with spherical cap profiles. Second, the map of the contact stiffness, k n , was calculated from the contact resonance frequency shown in figure 6(b) by using (14) . Then, by overlapping the two images (topography and contact stiffness), the contact between the tip and the Au film was reconstructed pixel by pixel, with consideration of MAC formation as described by (15)- (18) . For the involved image processing and analysis an Igor Pro (Wave Metrics) (see footnote 1) code was developed.
The normal load F n was maintained constant in the measurements made on both the flat-surface reference Au film and the granular Au film. In the contact reconstruction, at a given location, the compressions δ i in (15) and (16) were increased in small increments while the nearest summits came gradually into contact with the probe. The limit was reached when the total load, distributed over the contacted summits, equaled the applied load F n = 350 nN. The contact so formed can be either SAC or MAC. The compressions δ i were then used to calculate the contact area and the local average of the reduced elastic modulus. Under the same applied load, figure 8 shows the summit interception at the contact on top of a grain and within an intergrain region where three adjacent grains are in contact with the tip. The calculations were made for a tip radius R T = 34.4 nm to consider a lateral contact coupling characterized by k lat /k n = 0.75. As can be seen in figure 8 , on top of the grain there is a SAC characterized by a circular contact area, whereas within the intergrain region the contact area is defined by three adjacent circles. In our calculations we have neglected the overlap of the asperities forming a MAC and treated them as individual contacts. The contact area in MAC, figure 8(b), is larger than in SAC, and this increase determines the observed enhancement in the contact resonance frequency when the tip is located between grains. This change in the contact area has to be considered in calculating the elastic modulus from the measured contact stiffness on granular surfaces.
With the contact reconstruction as described above, in figure 9 are shown the calculated maps for the contact area and the indentation modulus over the scanned area. Qualitatively, grain delimitation is easily observed in both images and very good correlations with the topography and contact resonance frequency scans are identified. With the self-consistent consideration of the elastic properties of contacted surface, the MAC between tip and adjacent grains leads to an increase in the real contact area, as can be seen in figure 9(a) . This increase in the contact area determines in turn a significant reduction of the calculated indentation modulus in the intergrain regions ( figure 9(b) ). This pattern is consistently reproduced between close, well-round shaped grains that have an intergrain region of several nm. However, when the grain boundaries exhibit a ripple profile or the separation between adjacent grains is larger, the contact geometry deviates significant from the simple Hertzian model and the elastic modulus is erroneously calculated. Another source of error could come from the debris that infrequently become attached to the tip and possibly altered the measured contact resonance frequency by modifying the contact area. In this case the assumed geometry between the spherical tip and the STM topography deviates from the real contact geometry that contributes to CR-AFM measurements.
An intuitive variation of the elastic modulus along the grains is shown in figure 10 for the line profile marked with a dashed line in figure 9(b) . All the profiles shown here are 2D cuts from 3D maps: topography ( figure 6(b) ) and elastic modulus maps (figure 9(b) for MAC with lateral coupling and similar maps for SAC with no topographical features included and MAC without lateral coupling which are not shown here). Three different profiles were calculated for the indentation modulus along this line. The dotted one, with no consideration of any change in topography, correlates better with the measured contact resonance frequency and exhibits an unrealistic increase in the intergrain regions. In both cases when a MAC was considered, either with (black trace) or without (light trace) lateral coupling, a reduction of about 20% was calculated for the intergrain regions, in agreement with theoretical estimates [35] . However, a consistent reduction in the dispersion about the average value is observed in the line profile for the case when the lateral coupling is further included compared to the case with no lateral coupling. As is shown in figures 2 and 3, the reason is that the normal contact stiffness and, implicitly, the elastic modulus are overestimated when the lateral contact coupling exists but is not included in calculations.
In figure 11 are shown histograms of the indentation modulus values calculated over the whole scanned area for Figure 11 . Histograms made of the calculated map of indentation modulus by considering the simple tip-on-flat contact geometry, and MAC geometry with and without lateral coupling corrections, respectively. the three above-mentioned cases. In the first case, an invariant tip-on-flat contact geometry was assumed at every location in the scan. As can be seen, the histogram exhibits multiple peaks, inconsistent with the well-defined value of the elastic modulus for the (111) surface of Au single crystal. In the second (with no lateral contact coupling) and third (with lateral contact coupling) cases, the contact geometry was self-consistently calculated by correlating the topography and contact stiffness images. In these cases, the histograms approach bell shaped distributions around 100 GPa, the average value for the indentation modulus on Au(111) surfaces. Both histograms exhibit a tail at smaller values corresponding to the intergrain regions. As an improvement, the distribution for which the lateral contact coupling was included has a smaller width at half the maximum height compared with the case when the lateral contact coupling is ignored.
For the granular region as a whole, better correlations can be observed between the calculated map of the elastic modulus and the measured contact resonance frequency rather than with the topography. In topography, the grains look round and smooth but exhibit contrast in the contact resonance frequency. This is essentially due to the local change in the elasticity at the grain level and affects both the contact area and elastic modulus. Thus, even if on top of the grains the contact is essentially single-asperity, the contact area and elastic modulus are morphologically correlated and variations occur on every grain. In figure 9 (b), the indentation modulus over the grains is calculated to be (100 ± 10) GPa, comparable to the value obtained from indentation on Au(111) surfaces [36] . Overall our measurements show a slightly softening in the elastic response of the Au grains (see figure 11 ) compared to the calculated indentation modulus for single-crystal Au(111), which is 100 GPa [24] . Similarly, but at the microscale, local elastic softening of metallic grains has been recently measured on polycrystalline copper by resonance ultrasound microscopy [10] .
Conclusions
In this work we have considered the effect of topography in extracting the indentation modulus from CR-AFM measurements on granular Au films.
Both topography and contact stiffness maps were self-consistently correlated to reveal nanoscale variations of the indentation modulus at the grain level.
Consideration of the formation of multiple-asperity contacts between the AFM probe and the contacted grains provides realistic values for elastic modulus calculated from CR-AFM measurements. By taking into account the lateral contact coupling, besides the normal contact stiffness, an improvement in the measured indentation modulus has been shown. The analysis can be extended to other nanoscale structured materials where consideration of topography-induced artifacts is necessary.
